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(57) ABSTRACT 
A device for use as a rate-responsive pacemaker is dis 
closed in which the pacing interval is controlled by the 
average amplitude of a raw signal generated by a suit 
able physiological sensor and processed by an average 
amplitude converter to generate an output average 
amplitude signal coupled to the pacemaker control cir 
cuits to adjust the pacing interval. The average ampli 
tude converter may be a rectifying amplifier and an 
integrating circuit, a voltage controlled oscillator 
whose frequency is measured over a suitable time inter 
val using a time interval generator and a counter with 
the output of the counter being used by the control 
circuits of the pacemaker to vary its pacing interval, or 
means for measuring average amplitude of the raw 
signal and storing that measurement in memory and 
periodically processing it to alter the transfer character 
istics of the rate-responsive pacemaker. 

23 Claims, 3 Drawing Sheets 
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1. 

AVERAGE AMPLITUDE CONTROLLED 
RATE-RESPONSIVE PACEMAKER HAVING 
AUTOMATICALLY ADJUSTABLE CONTROL 

PARAMETERS 

This application is a continuation-in-part of applica 
tion Ser. No. 07/301,935, filed Jan. 25, 1989, now U.S. 
Pat. No. 4,940,053. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates generally to cardiac 

rate-responsive pacemakers, and more particularly to a 
cardiac rate-responsive pacemaker which responds to 
the average amplitude of the raw signal generated by a 
force transducer, such as a piezoelectric crystal or other 
acoustic energy transducer, used to sense physical ac 
tivity associated with a user of the pacemaker. 
A rate-responsive pacemaker is one wherein the basic 

pacing interval or rate varies as a function of some 
sensed parameter, such as a physiological parameter. As 
used herein, a broad definition of "pacing interval' or 
"pacing rate' is intended. This definition includes: (1) 
the rate at which the pacemaker provides stimulation 
pulses; or (2) the rate, in the case of a demand-type 
pacemaker, at which the pacemaker would provide 
stimulation pulses in the absence of naturally occurring 
cardiac events. 
A typical rate-responsive pacemaker attempts to au 

tomatically adjust the pacing interval in order to best 
satisfy the physiological demands of the patient using 
the pacemaker. Rate-responsive pacemakers are known 
in the art which respond to respiration rate (see U.S. 
Pat. No. 3,593,718 to Krasner et al. and U.S. Pat. No. 
4,567,892 to Plicchi et al.), blood temperature (see U.S. 
Pat. No. 4,436,090 to Cook et al.), blood oxygen satura 
tion (see U.S. Pat. No. 4,202,339 to Wirtzfeld), or the 
physical activity of the patient (see U.S. Pat. No. 
4,140,132 to Dahl and U.S. Pat. No. 4,428,378 to Ander 
son et al.). 
Whatever type of physiological parameter is moni 

tored by the rate-responsive pacemaker, some sort of 
sensor must be employed in order to generate an electri 
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cal signal (herein the "raw signal') which provides a 45 
measure of the selected physiological parameter. This 
raw signal is then used as an input signal to the circuits 
of the rate-responsive pacemaker in order to provide 
such circuits with the operating information needed to 
properly adjust the pacing interval. 
A common problem associated with all rate respon 

sive pacemakers relates to how the raw signal generated 
by the physiological sensor should be processed. That 
is, some sort of detection criteria must be applied in 
order to efficiently extract from the raw signal all 
proper information (e.g., true physiological activity), 
and exclude all improper information (e.g., noise). The 
prior art teaches certain signal processing techniques in 
order to achieve this extracting and excluding function. 
For example, filtering the raw signal in order to ex 

clude unwanted frequencies is known. Further, thre 
sholding and frequency measurement of the signal in 
order to extract only those portions of the raw signal 
having an amplitude which exceeds a prescribed thresh 
old level and frequency is known. Such filtering, thre 
sholding, and frequency measurement techniques are 
adequate for many applications. However, for some 
applications these techniques of filtering, thresholding, 
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2 
and frequency measurement may operate to exclude 
relevant information and/or include irrelevant informa 
tion. Accordingly, there is a need in the rate-responsive 
pacemaker art for improved processing circuitry for 
efficiently utilizing the informational content of the raw 
signal obtained from a physiological sensor. 
Coupled with this need is the need to realize such 

processing circuitry inexpensively, both in terms of cost 
to build and power to operate, in a small space. The 
present invention addresses these and other objectives. 
Finally, the present invention must attain all of the 
aforesaid advantages and objectives without incurring 
any substantial relative disadvantage. 

SUMMARY OF THE INVENTION 

The disadvantages and limitations of the background 
art discussed above are overcome by the present inven 
tion. With this invention, the pacing interval in an im 
plantable rate-responsive pacemaker is influenced or 
controlled by the average amplitude of a raw signal 
obtained from a physiological sensor. In a preferred 
embodiment, a piezoelectric crystal, or other acoustic 
energy transducer, is mounted in or near the implanted 
pacemaker and is used as a sensor of physical activity of 
the patient within whom the pacemaker is implanted. 
Such physical activity includes body movement asso 

ciated with physical activity, such as walking, running, 
and other normal body movements. If increased physi 
cal activity is sensed, the raw signal generated by the 
piezoelectric crystal or other acoustic energy trans 
ducer correspondingly increases in magnitude. If de 
creased physical activity is sensed, the raw signal corre 
spondingly decreases in magnitude. The increased mag 
nitude or decreased magnitude of the raw signal are 
relevant factors for accurately sensing the patient's 
physical activity. 

In order to efficiently sense both increases and de 
creases in amplitude or other characteristics of the raw 
signal, the signal processing circuitry of the present 
invention looks at the average amplitude of the raw 
signal, rather than just at the amplitude of certain fre 
quencies of the raw signal as has been done in the prior 
art. This approach allows changes in amplitude of the 
raw signal to have a proportional influence to the need 
to change the pacing interval. As such, this approach 
functions whether or not the amplitude is above or 
below some arbitrary threshold level, and whether or 
not the frequency is within some prescribed frequency 
spectrum. 
The proressing circuitry used to determine the aver 

age amplitude of the raw signal in accordance with the 
present invention includes an acoustic energy trans 
ducer, such as a piezoelectric crystal or equivalent sen 
sor which generates a raw signal in response to physical 
force applied thereto, an amplifier to amplify the raw 
signal generated by the acoustic energy transducer, and 
means for determining the average amplitude of the 
amplified raw signal. 

In one embodiment, this means for determining the 
average amplitude of the raw signal includes processing 
means for processing the raw signal in a prescribed 
manner, a voltage controlled oscillator (VCO), and a 
frequency counter. The processing means further am 
plifies the amplified raw signal, but does so in a non-lin 
ear fashion, and the output of the processing means 
drives a suitable VCO. The VCO generates a fixed 
amplitude signal whose frequency is substantially pro 
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portional to the average amplitude of the processed 
amplified signal applied thereto. 
The VCO frequency is measured and averaged over 

a suitable prescribed interval of time by the frequency 
counter. At the end of the measuring time interval, the 
content of the frequency counter thus provides a digital 
signal which may be applied directly to the control 
logic circuits of the pacemaker in order to appropriately 
control the pacing interval. 

Alternatively, at the end of the measuring time inter 
val, the contents of the frequency counter may be 
stored in a memory and further processed over time 
with other frequency counter values similarly stored in 
order to appropriately alter the operating characteris 
tics of the pacemaker. Another alternative is to process 
the non-linearly amplified raw signal using a conven 
tional analog control circuit to relate acoustic energy to 
pacing rate by a control function which the control 
circuit implements. 

DESCRIPTION OF THE DRAWINGS 

These and other advantages of the present invention 
are best understood with reference to the drawings, in 
which: 
FIG. 1 is a block diagram of the circuits used to pro- 2 

cess a raw signal in accordance with the teachings of 
the present invention; 
FIG. 2 is a block diagram showing one embodiment 

of the raw signal average amplitude converter of FIG. 
1; 
FIG. 3 is a waveform diagram illustrating some of the 

waveforms associated with the operation of the circuit 
of FIG. 2; 
FIG. 4 is a block diagram showing another embodi 

ment of the raw signal average amplitude converter of 
FIG. 1; 
FIG. 5 is a waveform diagram illustrating some of the 

waveforms associated with the operation of the circuit 
of FIG. 4; 
FIG. 6 is a block diagram of another embodiment of 

the invention wherein memory and processing circuitry 
is included to condition or alter the rate-responsive 
control circuits of the pacemaker as a function of prior 
activity which has been sensed; and 
FIG. 7 shows a representative transfer curve of a 

rate-responsive pacemaker. 
DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENT 

The present invention is shown in FIG. 1, which 
illustrates a rate-responsive pacemaker which includes a 
suitable sensor 12 which generates a raw signal 14 in 
response to a physical or other force 16. The raw signal 
14 is applied to a raw signal average amplitude con 
verter 18 from which an average amplitude signal 20 is 
generated. The average amplitude signal 20 is applied to 
the control circuits 22 of the pacemaker, and these con 
trol circuits 22 are coupled to a pulse generator 24, 
The pulse generator 24 generates a stimulating pulse 

28 at appropriate times as controlled by the control 
circuits 22. The stimulating pulse 28 is applied to a heart 
27 over a suitable conductor 26, such as a pacing lead. 
In a demand pacemaker, this same conductor 26 which 
carries stimulating pulses 28 to the heart 27 also is con 
nected to a sense amplifier 23. The sense amplifier 23 is 
configured to sense natural cardiac activity, such as, for 
example, P-waves or R-waves, and to inhibit the deliv 
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4 
ery of the stimulus pulse if any such natural activity is 
Sensed. 
The pacemaker control circuits 22 and the pulse gen 

erator 24 of the rate-responsive pacemaker of the pres 
ent invention may be the same types of circuits which 
are employed in other rate-responsive pacemakers, for 
example, those circuits described in the previously cited 
U.S. patents. Reference is also made to U.S. Pat. No. 
4,712,555, which patent describes the operation of one 
type of rate-responsive pacemaker, and which patent is 
hereby incorporated herein by reference. These patents 
contain the necessary teachings for enabling one skilled 
in the art to develop and use the control circuits and 
pulse generator circuits of a rate responsive pacemaker. 

Accordingly, no detailed description of the control 
circuits 22 or the pulse generator 24 will be presented 
herein, Suffice it to state that the control circuits 22 
typically include the ability to operate the pacemaker in 
a demand-type mode of operation wherein the pulse 
generator 24 generates a stimulating pulse 28 only in the 
absence of spontaneous cardiac activity. Further, such a 
rate-responsive pacemaker will typically also include 
means for noninvasively programming various control 
parameters associated with operation of the pacemaker 

5 through a suitable communication link, not shown, in 
order to allow the pacemaker to be used in a wide vari 
ety of applications and with a wide variety of patients. 
The present invention is directed primarily to the raw 

signal average amplitude converter 18 and the method 
which is used to convert the raw signal 14 to an appro 
priate average amplitude signal 20. One embodiment of 
the raw signal average amplitude converter 18 is illus 
trated in the block diagram of FIG. 2. In FIG. 2, it may 
be seen that the raw signal 14 is applied to an amplifier 
30. The output of the amplifier 30 is then rectified by a 
rectifier 32, and the rectified signal is then integrated by 
an integrating circuit 34. The amplifier 30 and the recti 
fier 32 comprise the non-linear amplifier referred to 
herein. 

In FIG. 3, some of the signals associated with the 
operation of the raw signal average amplitude con 
verter 18 of FIG. 2 are shown. The output of the ampli 
fier 30 in FIG. 2 is designated by the nomenclature "A." 
The output of the rectifier circuit 32, which is the pre 
ferred embodiment in a half wave rectifier, is designated 
by the nomenclature "B.' The negative portion of the 
signal may be used instead of the positive portion of the 
signal shown in FIG. 3. Indeed, in circumstances in 
which there are high positive peaks in the signal, it may 
be preferable to use the negative portion of the signal. 
Alternately, a full wave rectifier could be used to pro 
duce the output designated by the nomenclature 'B'.' 
Similarly, the output of the integrating circuit 34 is 
designated by the nomenclature “C.” 
As seen in FIG. 3, the amplifier 30 output signal "A" 

is a signal which varies as a function of the force 16 
which is applied to or otherwise sensed by the sensor 
12. The rectifying circuit 32 half wave rectifies the 
signal "A' in order to produce the signal "B." The 
rectified signal "B" is then integrated by integrating 
circuit 34 in order to produce the signal “C.” Because 
the signal "C" is the integrated amplitude of the half 
wave rectified "B" signal, its value increases or de 
creases as the area under the curve of waveform 'B' 
increases or decreases. 
The signal 'C' is then applied to the pacemaker con 

trol circuits 22 in order to provide a control signal 
which may be used to indicate that the pacing interval 
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of the pacemaker needs to be changed. As illustrated in 
FIG. 3, the control signal “C” (which is also identified 
in the figures as the average amplitude signal 20) is an 
analog signal. The pacemaker control circuits 22 may 
be designed to receive and respond to such an analog 
signal. However, typically the average amplitude signal 
20 will be converted to a digital signal. 

Thus, the pacemaker control circuits 22 may include 
an analog-to-digital (A-to-D) converter (not shown), 
which is well known in the art. Alternatively, the signal 
may be digitized as explained below in connection with 
FIG. 4. Integration in a digital system may take place 
within the digital system instead of within the integrator 
34 shown. 

Referring now to FIG. 4, another embodiment of the 
raw signal average amplitude converter 18 is illustrated 
in block diagram form. In accordance with this embodi 
ment, the raw signal 14 is applied to a signal processing 
amplifier 30. This processing amplifier 30 may be a 
non-linear amplifier, a threshold detector, a comparator 
circuit, a rectifying circuit, or a combination of such 
circuits. It should be noted, for example, that a half 
wave rectifying amplifier circuit may be viewed as a 
threshold detector, with approximately a zero-volt 
threshold, as well as a non-linear amplifier, amplifying 
signals of only one polarity and attenuating or blocking 
signals of the other polarity, 

In one embodiment, the amplifier 30 comprises a half 
wave rectifying amplifier, and the output signal 32 ob 
tained therefrom is similar to that shown as waveform B 
in FIG. 3. 
The output signal 32 from the processing amplifier 30 

is applied to a voltage controlled oscillator (VCO) 46. 
The output signal 34 from the VCO 46 is thus a variable 
frequency signal having a frequency which varies (or 
varies inversely) as a function of the amplitude of the 
output signal 32 from the processing amplifier 30. For 
the embodiment where the output from the amplifier 30 
is substantially as shown in waveform B of FIG. 3 
-that is, where processing amplifier 30 comprises a half 
wave rectifying amplifier-the frequency of the VCO 
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signal 34 will vary greatly as indicated in the waveform 
diagram of FIG. 5. 
The output signal 34 from the VCO 46 is applied 

through a functional AND gate 48 to a digital counter 
circuit 50. Each cycle of the VCO 46 is counted in the 
digital counter 50 during a time interval defined by a 
time interval generator 52. This time interval is defined 
by a gating signal which appears on a signal line 49. As 
shown in FIG. 4, the signal on the line 49 from the time 
interval generator 52 is also connected to the gate 48. 
Hence, only when the time interval gating signal 49 
enables the gate 48 can the output of the VCO 46 be 
counted in the counter 50. 

Representative signal waveforms associated with 
operation of the circuit of FIG. 4 are included in FIG. 
5, where the signals are identified by the reference nu 
meral of the signal line on which they appear. It may be 
noted that the time interval gating signal 49 is identified 
as the COUNT TIME INTERVAL in FIG 5. 
The counter 50, as is known in the art, may be real 

ized by a plurality of flip-flops connected in series. At 
the conclusion of the COUNT TIME INTERVAL, the 
time interval generator 52 generates a read signal 55 
which allows the count held in the counter 50 to be 
transferred to the pacemaker control logic 22 over the 
read bus 53. Once this count has been read, the counter 
50 is reset with a reset signal sent over the signal line 54, 
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6 
thereby preparing the counter 50 to measure the VCO 
frequency during the next COUNT TIME INTER 
VAL. 
The count held in the counter 50 at the end of the 

COUNT TIME INTERVAL is a digital word signal 
which represents an integrated measure of the VCO 
frequency over that time interval. This digital word 
signal or value may be passed directly over the data bus 
53 to the pacemaker control logic circuits 22 of the 
rate-responsive pacemaker, which circuits 22 are also 
digital circuits. Thus, the need for a separate Analog-to 
Digital converter circuit is obviated, and the circuitry is 
kept simple and inexpensive, yet effective. 

Because the VCO 46 generates a signal having a 
frequency proportional to the voltage amplitude of the 
signal 32 applied thereto, and because the voltage am 
plitude applied thereto is related to the average ampli 
tude of the raw signal 14, the count held in the counter 
50 is also related to the average amplitude of the raw 
signal. As indicated above, this count is already advan 
tageously converted to a digital signal which may be 
used directly by the pacemaker control logic 22". Thus, 
the pacemaker control logic 22 controls the pacing rate 
as a function of the average amplitude of the raw signal. 
Such control may be readily accomplished by those 

skilled in the art either algorithmically or by table look 
up. That is, within the control logic 22", or within cir 
cuits coupled thereto, a suitable algorithm may be pro 
grammed which calculates the pacing rate as a function 
of the digital signal obtained from the counter 50. Alter 
natively, a table stored within the memory circuits of 
the pacemaker may define the pacing rate as a function 
of the digital signal obtained from the counter 50. 

Referring next to FIG. 6, the pacemaker control logic 
22' may also include, or be interfaced with, appropriate 
memory elements 60 wherein the count held in the 
counter 50 is stored and saved for subsequent retrieval 
and analysis. By storing the count values over a pre 
scribed period of time, which could be several hours, 
days, weeks, or even months, the pacemaker control 
logic 22", in conjunction with suitable processing cir 
cuitry 62, is able to monitor and process these stored 
count values (which count values represent the average 
amplitude of the sensor's raw signal) in order to opti 
mally control the operation of the pacemaker. 
For example, the processing circuitry 62 may include, 

or be controlled by, an appropriate algorithm that auto 
matically adjusts at least one of the rate responsive 
pacemaker control parameters, such as the minimum 
rate Rain (see FIG. 7), as a function of the average 
amplitude signals sensed over a prescribec period of 
time. This prescribed period of time, which could be 
selectable through a pacemaker programming opera 
tion, could be the past two or three days, or even the 
past two or three weeks, which period of time could be 
measured by monitoring an appropriate clock signal 66 
from the clock circuit 64. 

In this way, the pacemaker rate-responsive control 
circuits become "conditioned" to respond to long-term 
changes which occur in the patient's activity, which 
activity is sensed through the sensor 12. This condition 
ing of the pacemaker control circuits may produce an 
effect similar to the natural conditioning which occurs 
in a healthy person as a result of a long-term change in 
physical activity, such as a long-term, consistent exer 
cise program. 
An example of how the processing circuitry 62 of 

FIG. 6 could alter or condition the operation of the rate 
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responsive pacemaker over a period of time as a func 
tion of the activity or average amplitude signals which 
are sensed over such period of time will be presented 
next. Before presenting such an example, however, 
reference is first made to FIG. 7 where the transfer 
characteristics of a typical rate responsive pacemaker 
are shown. The vertical axis of FIG. 7 represents the 
pacing rate, identified as R, while the horizontal axis 
represents the average amplitude of the raw signal from 
the sensor 12, identified as X. 
As indicated in FIG. 7, there are four points on the 

transfer curve which significantly influence the opera 
tion of the pacemaker. These points include the mini 
mum pacing rate, Rnin, and the maximum pacing rate, 
Rmax. The pacemaker, as controlled by the pacemaker 
control logic 22' and/or processor 62, operates at the 
minimum pacing rate, Rnin, so long as the average am 
piitude of the sensor signal remains below a minimum 
value, Xinin. Similarly, the pacemaker operates at the 
maximum pacing rate, Rmax, so long the average ampli 
tude of the sensor signal remains above a maximum 
value, Xmax. 

If, however, the average amplitude of the sensor 
signal lies between Xmin and Xmax, the pacing rate will 
vary as a function of the average amplitude of the raw 
signal according to a prescribed relationship. This pre 
scribed relationship is depicted in FIG. 7 as a linear 
relationship. It should be noted, however, that any de 
sired relationship, not just a linear relationship, could be 
used to relate the average amplitude of the raw signal 
from the sensor 12 to the pacing rate between the Rnin 
and Rnax points. 

Still referring to FIG. 7, it may be noted that this 
transfer operation of transferring or converting the 
sensed average amplitude from the physiological signal 
(for example, the raw signal 14 from the sensor 12) to a 
pacing rate may be achieved by those skilled in the art 
in a variety of ways. For example, the transfer operation 
may be achieved within the processing circuits 62 and 
/or control logic 22" either algorithmically or by table 
look-up, as described above. 
With reference to FIG. 6 and FIG. 7, an example will 

now be given of how the operation of the rate respon 
sive pacemaker could be "conditioned' based on the 
average amplitude of the raw signal 14 over a pre 
scribed period of time. At a particular sample time the 
average amplitude of the raw signal 14 is determined 
using a suitable raw signal average amplitude converter 
18. The resulting average amplitude signal, representa 
tive of the average amplitude of the raw signal at the 
particular sample time, is stored in the memory 60 at a 
known address as determined by the processing circuit 
62. For example, the average amplitude signal could be 
time-logged into the memory 60 in a way that identifies 
the time at which the average amplitude sample was 
taken. 

Alternatively or conjunctively, an average, mean or 
other representative average amplitude signal over a 
prescribed period of time may be calculated by the 
processing circuits 62 and stored in the memory 60 at a 
known address. The average amplitude signals stored 
over a relatively long period of time, such as over the 
past one or two week period, are then periodically (e.g., 
once a day) examined by the processor 62. If such exam 
ination identifies a significant long-term trend, i.e., an 
increase or decrease in the average amplitude of the raw 
signal, then appropriate changes are automatically 
made, as defined algorithmically or through table look 
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8 
up, to one or more of the controlling parameters (for 
example, Xn,in and/or Xa as defined in FIG. 7) of the 
rate-responsive pacemaker. 

In order to provide added flexibility and versatility in 
how the rate-responsive pacemaker responds for each 
unique patient, means are provided whereby the algo 
rithm or table look-up technique (used to define which 
and how the controlling parameters are affected by a 
long-term trend identification) may be programmably 
altered by an attending physician or other medical per 
sonnel. Such programming changes may be accom 
plished by techniques known in the art using the pace 
maker's telemetry channel circuits and an external pro 
gramming device. 
As described in the example above, the long-term 

trends which are identified by the processing circuitry 
62 (which trends are used to automatically adjust one or 
more controlling parameters of the pacemaker) are 
limited to trends associated with the sensor's raw signal 
as stored in memory 60. It is to be understood, however, 
that other types of long-term trends could also be identi 
fied and used for this purpose. 
For example, with the availability of modern low 

power memory circuits, the memory 60 could be large 
enough to store a great deal of data associated with the 
operation of the pacemaker as well as the heart's natural 
activity as sensed by the pacemaker. Such data could be 
processed, either prior to or after storing it in the mem 
ory 60, for the purpose of identifying other types of 
trends, such as a long term change in the at-rest or 
active natural heart rate, the ratio of stimulated heart 
beats to natural heart beats, etc. Such trends, if identi 
fied, could also be used to alter one or more controlling 
parameters of the rate responsive pacemaker as de 
scribed above. Long term trends could also be due to 
changes in the sensor or in its environment. Such long 
term trends could be compensated for in similar fashion. 

In the preferred embodiment, the sensor 12 is an 
activity sensor adapted to sense the physical activity of 
the patient using the pacemaker. However, it is to be 
understood that the principles of the present invention 
apply to processing the raw signal from any type of 
physiological sensor which may be employed. In the 
preferred embodiment, the sensor 12 is realized with a 
piezoelectric crystal or other acoustic energy trans 
ducer. As known in the art, a piezoelectric crystal or 
other acoustic energy transducer responds to a physical 
force 16 applied thereto by generating an electrical 
signal. 
The electrical signal generated in response to the 

application of force is the raw signal 14. Tysically the 
sensor 12-that is the piezoelectric crystal or other 
acoustic energy transducer-is placed within the case of 
the pacemaker. Hence, any forces applied to the pace 
maker, such as would occur by the patient's breathing, 
walking, rising from a sitting to a standing position, 
rolling from one position to another while lying down, 
and the like, would be evidenced in the raw signal. If 
the raw signal 14 indicates that the sensed physical 
activity has either increased or decreased for a sufficient 
period of time (which period of time could be defined 
by either the time interval generator 52, the pacemaker 
control logic 22", the processing circuits 62, or combina 
tions thereof) then appropriate action is taken in order 
to increase or decrease the pacing interval. 

In one embodiment, as described above in conjunc 
tion with the description of FIGS. 4 and 5, the time 
interval generator 52 measures (counts) the number of 
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cycles in the output signal 34 of the VCO, and thereby 
averages the average amplitude of the raw signal, for a 
prescribed time interval, indicated in FIG. 5 as the 
COUNT TIME INTERVAL. In a programmable-type 
pacemaker, this time interval is a programmed parame 
ter. Typically, the time interval is on the order of be 
tween 5 and 45 seconds, thereby assuring that only a 
Sustained physical activity, as sensed by the sensor 12, 
operates to allow the pacing interval to be modified. 

In contrast to the rather narrow band amplifiers 
which are taught in the prior art, the signal processing 
amplifier 30 (FIG. 4 and FIG. 6) has a fairly wide fre 
quency band associated therewith. Typically, the fre 
quency response of the amplifier 30 will be from 0.1 Hz. 
to around 100 Hz. Further, when the amplifier 30 per 
forms a rectifying function, the circuit is kept simple by 
amplifying only negative excursions of the raw signal, 
not positive excursions (or vice versa). 
The VCO 46, the time interval generator 52, and the 

counter 50 may be realized with suitable circuits known 
in the art. Similarly, with reference to FIG. 6, the pro 
cessing circuits 62 may be realized using a suitable mi 
croprocessor circuit, and the memory 60 may be real 
ized using commercially available memory circuits, 
such as a 256KX8 bit RAM memory chip. The re 
sponse of the VCO 46 need not be linear, although, 
preferably, it should be repeatable, thereby allowing the 
pacemaker control logic 22 to respond appropriately to 
whatever changes are sensed in the count held in the 
counter 50. 

All of the circuits within the raw signal average am 
plitude converter 18, and all of the digital circuits 
within the pacemaker, are preferably realized using 
CMOS integrated circuits, which circuits consume little 
power in comparison with other types of integrated 
circuits. Moreover, preferably all of the circuits within 
the raw signal average amplitude converter 18 may be 
fabricated on a single semiconductor chip as part of a 
single integrated circuit, thereby significantly reducing 
the overall size of the circuits. In practice, such cir 
cuitry may be included on the same chip(s) as are the 
pacemaker control circuits 22, the pacemaker control 
logic 22, the processor circuits 62, or the memory cir 
cuits 60. 
Although an exemplary embodiment of the present 

invention has been shown and described, it will be ap 
parent to those having ordinary skill in the art that a 
number of changes, modifications, or alterations to the 
invention as described herein may be made, none of 
which depart from the spirit of the present invention. 
All such changes, modifications, and alterations should 
therefore be seen as within the scope of the present 
invention. 
What is claimed is: 
1. A rate-responsive pacemaker comprising: 
pulse generating means for generating stimulating 

pulses; 
control means for controlling the rate at which said 

pulse generating means generates said stimulating 
pulses; 

sensor means for sensing a physiological parameter 
and for generating an electrical signal representa 
tive of said sensed physiological parameter; and 

signal processing means for processing said electrical 
signal and for generating a control signal represen 
tative of the average amplitude of said electrical 
signal, said control signal being applied to said 
control means, and said control means being re 
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10 
sponsive at least in part to said control signal in 
controlling the rate at which said stimulating pulses 
are generated, wherein said signal processing 
means comprises: 
rectifying amplifier means for amplifying and recti 

fying said electrical signal; 
voltage controlled oscillator means coupled to the 

output of said rectifying amplifier means for 
generating an oscillator signal having a fre 
quency that varies as a function of the signal 
output from said rectifying amplifier means; and 

measurement means for measuring the frequency 
of said oscillator signal over a prescribed time 
interval, said frequency measurement compris 
ing said control signal. 

2. The rate-responsive pacemaker of claim 1, wherein 
said measurement means comprises: 

a counter circuit that counts the signal excursions of 
a prescribed type (e.g., positive or negative) occur 
ring in the oscillator signal over said prescribed 
time interval, and that holds said count at the con 
clusion of said prescribed time interval, said count 
held in said counter circuit comprising a digital 
representation of said control signal. 

3. The rate-responsive pacemaker of claim 2, wherein 
said signal processing means further comprises: 

filtering means for filtering said electrical signal gen 
erated by said sensor means prior to applying said 
electrical signal to said rectifying amplifier means. 

4. A rate-responsive pacemaker comprising: 
pulse generating means for generating stimulating 

pulses; 
control means for controlling the rate at which said 

pulse generating means generates said stimulating 
pulses; 

sensor means for sensing a physiological parameter 
and for generating an electrical signal representa 
tive of said sensed physiological parameter; and 

signal processing means for processing said electrical 
signal and for generating a control signal represen 
tative of the average amplitude of said electrical 
signal, said control signal being applied to said 
control means, and said control means being re 
sponsive at least in part to said control signal in 
controlling the rate at which said stimulating pulses 
are generated, wherein said signal processing 
means comprises: 
rectifier means for rectifying said electrical signal 

generated by said sensor means; and 
integrating means for integrating the rectified sig 

nal obtained from said rectifier means and for 
generating an output signal representative of the 
integration of said rectified signal, said output 
signal comprising the control signal that is ap 
plied to said control means. 

5. The rate-responsive pacemaker of claim 4, wherein 
said signal processing means further comprises: 

filtering means for filtering said electrical signal gen 
erated by said sensor means prior to applying said 
electrical signal to said rectifier means. 

6. The rate-responsive pacemaker of claim 4, wherein 
said signal processing means further comprises: 

amplifier means for amplifying said electrical signal 
generated by said sensor means prior to applying 
said electrical signal to said rectifier means. 

7. In a rate-responsive pacemaker adapted to provide 
stimulating pulses to a heart at a controlled rate, which 
controlled rate includes the ability to vary an escape 
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interval when said pacemaker is operating in a demand 
mode of operation, and which controlled rate is con 
trolled at least in part by a control signal, a signal pro 
cessing system for generating said control signal as a 
function of a raw signal outputted from a physiological 
Sensor, said raw signal having an average amplitude 
indicative of a physiological parameter Sensed by Said 
physiological sensor, said signal processing system com 
prising: 

amplifier means for amplifying said raw signal and for 
producing an amplified raw signal, said amplified 
raw signal having an average amplitude associated 
therewith proportional to the average amplitude of 
said raw signal; and 

control signal generating means responsive to said 
amplified raw signal for generating said control 
signal as a function of the average amplitude of said 
amplified raw signal. 

8. The pacemaker signal processing System of claim 7, 
wherein said control signal generating means con 
prises: 

rectifying means for rectifying the amplified raw 
signal in a prescribed manner and for producing a 
rectified output signal, said rectified output signal 
having an average amplitude proportional to the 
average amplitude of said raw signal; 

variable frequency oscillator means responsive to said 
rectified output signal for generating a processed 
signal having a frequency that varies as a function 
of the average amplitude of the signal rectified by 
said rectifier means; and 

measurement means for measuring the frequency of 
said processed signal generated by Said variable 
frequency oscillator means, a frequency measure 
ment obtained from said measurement means com 
prising a base signal from which said control signal 
is derived. 

9. The pacemaker signal processing system of claim 7, 
wherein said physiological sensor comprises: 

a force sensor for Sensing acoustic energy. 
10. The pacemaker signal processing system of claim 

9, wherein said force sensor comprises: 
a piezoelectric crystal. 
11. The pacemaker signal processing system of claim 

7, wherein said control signal generating means con 
prises: 

rectifier means for rectifying the amplified raw signal 
and for producing a rectified output signal having 
an average amplitude proportional to the average 
amplitude of said raw signal; and 

averaging means for averaging the average amplitude 
of the rectified output signal, the resulting average 
output signal of said averaging means comprising a 
base signal from which said control signal is de 
rived. 

12. A method of processing a raw signal obtained 
from a physiological sensor used with a rate-responsive 
pacemaker to produce a control signal, said control 
signal being used by said pacemaker to control the pac 
ing interval thereof, said method comprising the steps 
of: 

(a) determining the amount of average amplitude of 
said raw signal; and 

(b) generating said control signal as a function of the 
average amplitude determined in step (a). 

13. The method of claim 12 wherein step (a) com 
prises: 

(1) rectifying the raw signal; 
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12 
(2) applying the resulting rectified signal to a voltage 

controlled oscillator; and 
(3) counting the number of cycles in the output signal 

of said voltage controlled oscillator over a pre 
scribed time interval, said counted cycles compris 
ing an indication of the average amplitude of the 
raw signal. 

14. In a rate-responsive pacemaker adapted to pro 
vide stimulating pulses to a heart at a controlled rate on 
demand as a function of sensed physiological need, and 
wherein the controlled rate is determined by a pre 
scribed transfer function that relates the sensed physio 
logical need to the pacing rate, an adaptive system for 
automatically altering the prescribed transfer function 
comprising: 
means for sensing a physiological need of a user of 

said rate-responsive pacemaker at prescribed inter 
vals, and for generating a physiological signal in 
dicative of such need during said prescibed inter 
vals, each physiological signal thus generated hav 
ing an average amplitude associated therewith; 

pulse generating means for producing stimulating 
pulses on demand at a rate controlled by a rate 
control signal; 

control means for generating said rate control signal 
during a given interval as a function of the average 
amplitude of the physiological signal correspond 
ing to said given interval, the relationship between 
said rate control signal and the average amplitude 
of Said physiological signal comprising said pre 
scribed transfer function, said prescribed transfer 
function being alterable as a function of at least one 
transfer-function control parameter; 

memory means for selectively storing said physiolog 
ical signals; 

trend processing means for identifying trends in the 
physiological signals stored in said memory means 
over a plurality of said prescribed intervals; and 

means for altering said at least one transfer-function 
control parameter as a function of the trends identi 
fied by said trend processing means; 

whereby the prescribed transfer function of said rate 
responsive pacemaker is automatically altered as a 
function of identified trends in the physiological 
needs of said user. 

15. The adaptive system for altering the prescribed 
transfer function of a rate-responsive pacemaker of 
claim 14, wherein said physiological sensing means 
comprises: 

means for sensing natural and stimulated cardiac ac 
tivity of said user. 

16. The adaptive system of claim 14, wherein said 
physiological sensing means comprises: 
means for sensing physical activity of said user. 
17. The adaptive system of claim 16, wherein said 

physical activity sensing means comprises: 
an acoustic energy transducer that produces an elec 

trical output signal in response to acoustic energy 
applied thereto, and wherein the physiological 
Signal generated by said physiological Sensing 
means is generated as a function of the average 
amplitude of said electrical output signal. 

18. A rate-responsive pacemaker comprising: 
Stimulating means for selectively generating stimulat 

ing pulses on demand in response to a control sig 
nal; 

first sensing means for sensing natural cardiac activ 
ity; 
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Second sensing means for sensing physiological need, 
Said Second sensing means comprising: 
transducer means for converting physical forces 

applied thereto to an electrical output signal, and 
Signal processing means for determining the aver 

age amplitude of said electrical output signal and 
for generating an average amplitude signal rep 
resentative of said average amplitude; and 

control means responsive to said first and second 
sensing means for generating said control signal as 
a function of sensed cardiac activity and said aver 
age amplitude signal in accordance with a pre 
scribed transfer function, and for identifying trends 
in cardiac activity and physiological need sensed 
over a prescribed time period, and for altering said 
prescribed transfer function in response to the iden 
tification of said trends. 

19. The rate-responsive pacemaker of claim 18, 
wherein said signal processing means comprises: 

rectifying means for rectifying the electrical output 
signal from said transducer means; 

Voltage controlled oscillator means for generating a 
VCO output signal having an instantaneous fre 
quency that varies as a function of the rectified 
signal obtained from said rectifying means; and 

counting means for counting the number of cycles 
present in said VCO output signal over a pre 
scribed time interval, said counting means includ 
ing a counter, the count held in said counter at the 
conclusion of said time interval providing a digital 
representation of the average amplitude of the elec 
trical output signal of said transducer means over 
said prescribed period of time. 

20. A rate-responsive pacemaker comprising: 
stimulating means for selectively generating stimulat 

ing pulses on demand in response to a control sig 
nai; 

sensing means for sensing physiological need, said 
Sensing means including means for generating a 
raw signal having an average amplitude indicative 
of physiological need; and 

control means responsive to said sensing means for 
generating said control signal as a function of a 
prescribed transfer function between said control 
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signal and the average amplitude of said raw signal, 
Said control means including: 
trend identification means for identifying trends in 

physiological need sensed over a prescribed time 
period, and 

control signal altering means for altering the pre 
scribed transfer function in response to the iden 
tification of said trends by said trend identifica 
tion means. 

21. A rate-responsive pacemaker including means for 
generating stimulating pulses on demand as a function 
of sensed physiological need, the improvement com 
prising: 

sensor means for generating a raw signal, said raw 
signal having an average amplitude that varies as a 
function of at least one physiological parameter; 
and 

processing means for determining the average ampli 
tude of said raw signal, said average amplitude 
being used thereafter by said rate-responsive pace 
maker as an indicator of physiological need. 

22. The rate-responsive pacemaker of claim 21 fur 
ther comprising: 
memory means for storing the average amplitude of 

said raw signal over a prescribed period of time; 
and 

processing means for identifying trends in the aver 
age amplitude of the raw signal stored in said mem 
ory means, said trend identification being used by 
said pacemaker to alter the manner in which said 
stimulating pulse generating means generates the 
stimulating pulses. 

23. The rate-responsive pacemaker of claim 18, 
wherein said second sensing means comprises: 

transducer means for converting physical forces ap 
plied thereto to an electrical output signal; and 

signal processing means for determining the average 
amplitude of said electrical output signal and for 
generating an average amplitude signal representa 
tive of said average amplitude, said average ampli 
tude signal being utilized by said control means to 
control, at least in part, the generation of said con 
trol signal. 


